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Introduction
Renewable energy is harvested from nature, it is clean and free. However, it is widely accepted that renewable energy is not a panacea that comes without challenges. As an interface between the distributed generation (DG) plants and the grid, the gridconnected inverters are essential to convert all kinds of generated power into a high quality AC power and inject it into the grid reliably [1] . The inverters installed in microgrids are generally voltage source inverters with an output filter. Nowadays, the LCL filter is considered to be a preferred choice for attenuation of switching frequency harmonics in the injected grid current compared with the L filter [2] , [3] . Because of using smaller reactive elements, the cost and weight of the inverter system are reduced when using LCL filter. However, due to the resonance of the LCL filter, damping methods are needed for the grid-connected inverters to stabilize the system [4] . Passive and active methods for damping the resonance of the LCL filter have been extensively discussed in literature [5] - [8] . Active damping is preferred to passive damping due to its high efficiency and flexibility of the conversion.
The quality of the grid injected current is very important in the grid-connected systems. International standards regulate the connection of inverters to the grid and limit the harmonic content of the injected current. IEEE std. 1547-2003 [9] gives the limitation of the injected grid current harmonics. If the harmonic content of the injected current exceeds the standard limits, it is required to disconnect the inverter from the grid. Thus, the LCL filters are implemented to prevent the grid from being polluted with switching harmonics. Therefore, designing adequate control system for grid-connected inverters with LCL filter is a matter of concern.
A more difficulty is appeared when multi-paralleled grid-connected inverters are coupled due to the grid impedance Zg. In this condition, the inverters influence each other as a result. All inverters in Fig. 1 , share the voltage in the point of common coupling (PCC) Vpcc and are able to modify this voltage by injecting their currents [10] . It should be noted that, if the grid impedance was ideally considered to be zero, the coupling effect would not exist because the voltage in the PCC would always be Vg. Depending on the number of paralleled inverters and the grid impedance Zg, the inverters installed in a microgrid might not behave as 2 expected. In other words, with proper control system, a single inverter is stable in grid-connected system, but goes toward instability with parallel connection of other inverters. Therefore, consideration of coupling effect in the multi-paralleled gridconnected inverters is very important and microgrid should be modeled as a multivariable system. Many literatures with regard to active damping strategies are published [11] - [18] . However, their analyses are done for single grid-connected inverter. In consequence, coupling effect among inverters due to grid impedance is not considered and the stability and performance of the inverter in a microgrid might be questioned. In [10] , authors have been modeled the N-paralleled inverters in a PV power plant as a multivariable system. However, all inverters are assumed to be the same including their hardware, software, rated powers, LCL filters and reference injected currents. It is widely accepted that this assumption is not valid in the real microgrid since different sources such as photovoltaic panels, wind turbines and fuel cells with different inverters, LCL filters and reference injected currents may be collected in a microgrid. Also, in case of PV power plants as considered in [10] , even though the same panels and inverters are used, the reference current of each inverter may be different due to partial shadow. In [19] , a robust control strategy for a grid-connected multi-bus microgrid containing several inverter-based DG units is proposed.
However, only compensation of positive and negative sequence current components using Lyapunov function and sliding mode method is discussed. In [20] , a back to back (B2B) converter connection is proposed to provide a reliable interface, while it can provide isolation between utility and microgrids.
In this paper, modeling and control of three-paralleled grid-connected inverters with different characteristics are described. In fact, the LCL filter parameters, rated powers and also, reference injected currents of the inverters are considered to be different.
For this task, all inverters are modeled as a multivariable system in order to modeling the coupling effect among inverters due to grid impedance. Also, dual-loop active damping control using the capacitor current feedback as inner loop [5] is chosen for its simple and effective implementation. Due to single phase application, the proportional and resonant (PR) controllers are considered for control system. This paper is organized as follows. In Section 2, modeling and control of a single grid-connected inverter is described. In Section 3, modeling and control of the three-paralleled grid-connected inverters with different characteristics in a microgrid are analyzed. In Section 4, controller design regarding to PR controllers for the multivariable system that is modeled in previous section is described. In Section 5, the theoretical study is validated through simulation in MATLAB software. Finally, Section 6, concludes this paper.
Modeling and Control of a Single Grid-Connected Inverter
In this section, the modeling and control of a single grid-connected inverter with LCL filter is described. Although, this issue has already been addressed in available literatures [11] - [17] , the goal is to get the reader familiarized with the methodology used along this paper. 
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A generic structure of the LCL-filtered grid-connected inverter is shown in Fig. 2 . The LCL filter consists of an inverter-side inductor L1, a filter capacitor C, and a grid-side inductor L2. Parasitic resistances are neglected in order to simplicity. 
Where, Ts refers to the sampling period.
With the aforementioned model, the linearized model of the single grid-connected inverter with LCL filter in s-domain can be derived as shown in Fig. 3 (a). In this figure, KPWM is the proportional controller in the inner loop. Considering Fig. 3 (a), adequate controller design is quite complicate due to interacting loops and complexity of the system. To simplify the design procedure, an equivalent model containing decoupled regulating loops would be desirable. The model in Fig. 3 (a) can be simplified by adding capacitor voltage (vC) to output signal of the transfer function KPWM, and by replacing feedback signal iC with i1-ig. In this way, the equivalent model of the system will be obtained as shown in Fig. 3(b) . Now, the design procedure can be done considering decoupled loops. It is well known that the cut-off frequency of the inner loop must be higher than the outer loop. 
Modeling and Control of Multi-Paralleled Grid-Connected Inverters

System Description
A set of N-paralleled LCL-filtered grid-connected inverters is shown in Fig. 1 . The dynamics of these inverters are coupled due to the grid impedance. The equivalent circuit for current control design of the N-paralleled inverters of Fig. 1 is shown in Fig. 4 ,
where Z1i (with i = 1…N), Z2i and Z3i are the inverter-side inductor impedances, the grid-side inductor impedances and the capacitor impedances, respectively. Moreover, i1i, i2i and i3i are the inverter side current, the grid side current and the capacitor current, respectively. vZ3i is the capacitor voltage and vinv_i is the inverter output voltage, all for i-th inverter. Also, ig is the grid injected current.
Modeling
Multivariable control loops corresponding to the three-paralleled grid-connected inverters with LCL filter coupled due to the grid impedance in a microgrid are shown in Fig 5 . Multivariable control loops for three-paralleled grid-connected inverters.
Calculation of the Matrix Transfer Function () Gs
Matrix transfer function () Gs is represented in (3). This matrix has non-diagonal elements since each inverter output voltage vinv_i influences the output current of other inverters. The elements of the matrix transfer function () Gs are calculated through the superposition and Thevenin equivalent circuit theorems. 
The diagonal elements are regarded as the transfer functions between the inverter-side current and its own output voltage.
Accordingly, G11, for example, can be calculated if grid voltage and all the inverter output voltages vinv_i are supposed to be zero except vinv_1. For this purpose, the auxiliary circuit of Fig. 6 is derived from Fig. 4 . In this circuit, the output current is i11 and the only voltage source is vinv_1. Therefore the diagonal element G11, can be directly obtained. Similarly, other elements of the matrix transfer function () Gs can be calculated as presented in the Appendix.
. Auxiliary circuit of the three-paralleled inverters provided that grid voltage and all the converter voltages vinv_i are zero except vinv_1.
Control System Design
Design of Controller for Multivariable System
In order to determine the interaction between loops of a MIMO system, relative gain array (RGA) method can be used [21] . The RGA of a non-singular square matrix () Gs is defined as
Where . denotes element-by-element multiplication and (0) G is the matrix () Gs in the steady-state condition (ω=0). The RGA is a square matrix which has some unique properties, i.e. the sum of its rows as its columns are equal to 1. If diagonal elements of the RGA matrix be close to unity, the system is diagonally dominant. In other words, interaction of loops in the system is relatively low and each output can be controlled by one input. On other hand, in MIMO systems with severe interaction, each output is related to the all inputs. In fact, RGA is an index which shows degree of interaction in a MIMO system. Since in the described control loop only matrix transfer function () Gs has non-diagonal elements, therefore, the RGA of this matrix should be calculated.
By using the parameters listed in Table I case study, the diagonal elements of the RGA matrix be far from unity and there is severe interaction in the system, the precompensator matrix can be used to reduce the interaction [21] .
Corresponding control system for designing the inner loop and outer loop controllers for Inverter1 is shown in Fig. 7 . In this figures, G11 is the first diagonal elements of () Gs . It should be noted that, block diagrams of control system for Inverter2 and Inverter3 are not shown due to similarity. For example, to achieving the block diagram of control system for Inverter2, G11 should 7 be replaced by G22 (second diagonal elements of () Gs ) and KPWM1 should be replaced by KPWM2. Also, blocks that are related to capacitor (C31) and grid-side inductor (L21) of Inverter1, should be replaced by capacitor and grid-side inductor of Inverter2 (i.e.
C32 and L22, respectively). Fig. 7 . Block diagram of the control systems of Inverter1.
PR Controllers
For a three phase converter, a simple PI controller which is designed in the dq rotating reference frame, achieves infinite loop gain and consequently zero steady state error at the fundamental frequency. However, this method is not applicable to singlephase converters, because there is only one phase variable available. The dq transformation requires a minimum of two orthogonal variables [22] , [23] . Hence, in single phase applications, it is common to use PR controller as (7) due to its high gain at the fundamental frequency. 
Design the Parameters of the Controllers
In this paper, a proportional controller is used as inner loop controller to enhance the cut-off frequency of the inner loop. The loop gain of the inner loop for inverter1 control system, which shown in Fig. 7 , can be easily obtained as 1 11 ( ) ( ) ( )
If inner loop cut-off frequency defined as ωinner, then proportional controller can be achieved as:
Afterward, in order to obtain the parameters of PR controller, the control system loop gain should be achieved as follows:
Where, Gsys is the control system loop gain when Gi1=1. 
Obviously, ωinner should be greater than ωouter in order to decouple inner loop from outer loop.
Simulation Results
In this section, a single phase microgrid with three-paralleled grid-connected inverters with LCL filter is simulated using MATLAB/SIMULINK software. The simulation results are analyzed so as to validate the theoretical study of previous sections.
The key parameters of the inverters are shown in Table I . To show necessity of considering coupling effect in multi-paralleled grid-connected inverters, two different simulations are performed. At first, Set I control parameters listed in Table II is used for simulation. These parameters are designed using bode diagram and without considering the coupling effect of three inverters.
In other words, block diagram which shown in Fig. 3(b) is used for design of controllers of each inverter, individually. The magnitudes of reference injected currents (iref) of these inverters are 20, 30 and 40A, respectively and the corresponding phase angles are 0°. In Figs. 8(a) -(c), simulation results for single grid-connected inverter are shown for each inverter. As shown in these figures, all three inverters are stable when they are connected to the grid, individually. Total harmonic distortion (THD) of each inverter injected current are 3.50%, 1.22% and 1.05%, respectively. The simulation results for parallel connection of all three inverters to the grid, with previous control parameters, are shown in Figs. 9(a) -(c). As shown in these figures, although the individual connection of each inverter to the grid is stable, parallel connection of inverters to the grid will be unstable. This simulation results show that considering of coupling effect in multi-paralleled grid-connected inverters is necessary. In the next step, Set II control parameters listed in Table II is used for simulation. The controller parameters are designed with considering of coupling effect as shown in Fig. 7 for each inverter. In this paper, the inner loop cut-off frequencies of the inverter The injected current of three inverters are shown in Figs. 11(a) -(c). It can be seen that, despite of differences in inverters and their control parameters, injected currents track the reference values. Also, THD of each inverter injected current and total injected current are 3.33%, 0.78%, 1.51% and 1.17%, respectively. Figure 11(d) shows the total grid-injected current which is exactly in phase with the PCC voltage and tracks the sum of reference currents thanks to PR controllers. The grid inductance (Lg) is selected a high value intentionally to simulate a weak grid. However, due to adequate control system design, this inductance reduces the harmonic distortion of the total grid-injected current as shown in Fig. 11(d) .
To analyze the coupling effect of grid impedance and in order to validate control system performance, a step change occurs in the reference current of each inverter in different times. The reference current of inverter1 is reduced by 50% at t=0.105(s). The reference current of inverter2 is increased by 50% at t=0.205(s). The reference current of inverter3 is reduced by 50% at t=0.305(s). The simulation results using Set I control parameters in Table II The simulation is repeated using Set II control parameters in Table II and its results are shown in Figs. 13(a)-(d). It can be seen that despite of step change in the reference current of each inverter, other inverters track their own reference currents with negligible disturbances in specified time. Also, total injected current tracks the sum of reference currents exactly without any instability which validates the proposed control system despite of inverters with different characteristics. 
Conclusion
This paper analyses the modeling and design of a multivariable control system for multi-paralleled grid-connected inverters with LCL filter in a microgrid. The coupling effect due to grid impedance is described and dual-loop active damping control with capacitor current feedback is used to damp the LCL filter resonances. The inverters are modeled as a multivariable system considering the different characteristics for inverters such as LCL filters and rated powers. Three paralleled single-phase grid- 
